A nonlocal dispersive-optical-model analysis has been carried out for neutrons and protons in 208 Pb. Elastic-scattering angular distributions, total and reaction cross sections, single-particle energies, the neutron and proton numbers, the charge distribution, and the binding energy have been fitted to extract the neutron and proton self-energies both above and below the Fermi energy. From the single-particle propagator derived from these self-energies, we have determined the charge and matter distributions in 208 Pb. The predicted spectroscopic factors are consistent with results from the (e, e p) reaction and inelastic-electron-scattering data to very high spin states. Sensible results for the high-momentum content of neutrons and protons are obtained with protons appearing more correlated, in agreement with experiment and ab initio calculations of asymmetric matter. A neutron skin of 0.250 ± 0.05 fm is deduced. An analysis of several nuclei leads to the conclusion that finite-size effects play a non-negligible role in the formation of the neutron skin in finite nuclei.
I. INTRODUCTION
The description of the properties of heavy nuclei is at present restricted to mean-field approaches. For a nucleus like 208 Pb, a large amount of data exists that is completely outside the scope of these methods. In particular, elastic-nucleon-scattering data cannot be adequately accounted for with a real mean-field potential as it does not account for inelastic processes that remove flux from the elastic channel. Properties of the ground state such as the charge density can be directly probed through elastic electron scattering [1, 2] . Mean-field methods do not account for all the details of the deduced proton distribution, in particular in the interior of the nucleus, and are only fitted to the experimental root-mean-squared radius (rms). Of related interest is the single-particle structure in the ground state of 208 Pb most delicately probed with the (e, e p) reaction [3] [4] [5] . Another insight is provided by inelastic electron scattering to very high spin states [6] which was interpreted, based on results from ab initio calculations of nuclear matter, in terms of partial occupation of single-particle orbits in 208 Pb [7] . Short-range properties of nuclei [8] , as demonstrated by high-momentum components of nucleons in the ground state and their isospin dependence [9] , provide complementary information on the ground state. Their presence documents that mean-field orbits are depleted and need to be compensated by the occupation of nucleon states that are empty in the mean-field picture [10] .
A framework to encompass both ground-state properties and elastic nucleon-scattering data is provided by the dispersive optical model (DOM) originally developed by Mahaux and Sartor [11] and more recently reviewed in Refs. [12, 13] . The underlying formal framework of this approach is provided by the Green's function formulation of the many-body problem in which the nucleon propagator receives both particle and hole contributions, thereby inextricably linking these domains [14] .
The usual local implementation of the DOM [11] was extended to include fully nonlocal potentials in Ref. [15] with a complete analysis of all available 40 Ca data including the charge density. The subsequent results of the particle spectral density in Ref. [16] demonstrated that the constraint of elastic-scattering data directly provides information on the depletion of orbits which are mostly occupied in the ground state confirming the relevance of the method to quantify single-particle properties. This was conclusively confirmed in Ref. [17] where the DOM ingredients both pertaining to the overlap functions and the distorted waves provided an accurate description of 40 Ca(e, e p) 39 K cross sections in the relevant kinematic domain. The latter results increased the canonical values of proton spectroscopic factors for double closed-shell nuclei [18] by about 0.05 due to the use of nonlocal potentials to describe the proton distorted waves. The coincidence cross sections of the valence transitions in the 48 Ca(e, e p) 47 K reaction are also accurately described, provided proper care is taken of the proton reaction cross sections in the DOM analysis [19] . The resulting N − Z trend of the spectroscopic strength near the Fermi energy demonstrates an increased reduction of the proton removal strength with a slope that is not as large as in Ref. [20] but larger than obtained for transfer reactions [13] and in (p, 2p) reactions [21, 22] .
While addressing all features of single-particle properties of 208 Pb in the present work, special emphasis will be placed on the neutron distribution in the ground state. A critical question was addressed in Ref. [23] where it was shown that when sufficient data are available for neutron scattering, in particular total cross sections, it is possible to deduce sensible predictions for the neutron distribution of 48 Ca employing a nonlocal DOM analysis. The neutron distribution of nuclei is only vaguely understood. In particular, for a nucleus which has a large excess of neutrons over protons, are the extra neutrons distributed evenly over the nuclear volume or is this excess localized arXiv:1911.09020v1 [nucl-th] 18 Nov 2019 in the periphery of the nucleus? A quantitative measure is provided by the neutron skin, defined as the difference between neutron and proton rms radii,
and N n,p is the normalization of the particle pointdistributions ρ n,p (r). Note that the standard convention is to define the neutron skin with respect to the nucleon point-distributions, thus the size of the nucleons are not taken into account in theoretical calculations (the size of the nucleons are also factored out from experimental form factors [24] ). Accurate knowledge of the distribution of neutrons in nuclei is important for calculations of the nuclear matrix elements relevant to β-decay processes [25, 26] . Furthermore, the nuclear symmetry energy, which characterizes the variation of the binding energy as a function of neutron-proton asymmetry, opposes the creation of nuclear matter with excesses of either type of nucleon. The extent of the neutron skin is determined by the relative strengths of the symmetry energy between the central near-saturation and peripheral less-dense regions. Therefore, ∆r np is a measure of the density dependence of the symmetry energy around saturation [27] [28] [29] [30] . This dependence is very important for determining many nuclear properties, including masses, radii, fission properties, and the location of the drip lines in the chart of nuclides. Its importance extends to astrophysics for understanding supernovae and neutron stars [31, 32] , and to heavy-ion reactions [33] . Given the importance of the neutron skin in these various areas of research, a large number of studies (both experimental and theoretical) have been devoted to it [34] . While the value of r p can be determined quite accurately from electron scattering [35] , the experimental determinations of r n are typically model dependent [34] . However, the use of parity-violating electron scattering does allow for a nearly model-independent extraction of this quantity [36] . The present value for 208 Pb extracted with this method from the PREX collaboration at Jefferson Lab yields a skin thickness of ∆r np =0.33 +0. 16 −0.18 fm [24] . The present DOM analysis of 208 Pb leads to a connection with current experimental data on the neutron skin. Unfortunately, the uncertainty from PREX is too large to constrain the majority of the theoretical predictions of the neutron skin from mean-field calculations [37] . Another measurement of the neutron weak form factor of 208 Pb was conducted in the summer of 2019 at Jefferson Lab under the title of PREX2. This is an updated version of the original PREX experiment which is intended to provide a much narrower error bar for the neutron skin in 208 Pb. Thus, it is timely to make a prediction of the neutron skin now. Our analysis of 208 Pb is similar to that of our previous work on 48 Ca in Ref. [23] , reporting a neutron skin of ∆r np = 0.249 ± 0.023 fm in 48 Ca. A detailed comparison of the neutrons skins of 208 Pb and 48 Ca will be presented in this article.
In Sec. II a summary of the relevant theory is presented by providing concepts of the Green's function method in Sec. II A and the DOM in Sec. II B. The result of the nonlocal DOM analysis are provided in Sec. III. The neutron skin discussion is given in Sec. IV with conclusions in Sec. V.
II. THEORY
This section is organized to provide brief introductions into the underlying theory of the method used.
A. Single-particle propagator
The single-particle propagator describes the probability amplitude for adding (removing) a particle in state α at one time to the ground state and propagating on top of that state until a later time at which it is removed (added) in state β [14] . In addition to the conserved orbital and total angular momentum ( and j, respectively), the labels α and β in Eq. (2) refer to a suitably chosen single-particle basis. In this work the Lagrange basis [38] was employed. It is convenient to work with the Fourier-transformed propagator in the energy domain,
with E A 0 representing the energy of the nondegenerate ground state |Ψ A 0 . Many interactions can occur between the addition and removal of the particle (or vice versa), all of which need to be considered to calculate the propagator. No assumptions about the detailed form of the HamiltonianĤ need to be made for the present discussion, but it will be assumed that a meaningful Hamiltonian exists that contains two-body and three-body contributions. Application of perturbation theory then leads to the Dyson equation [14] given by
where G (0) (α, β; E) corresponds to the free propagator (which only includes a kinetic contribution) and Σ * j (γ, δ; E) is the irreducible self-energy [14] . The hole spectral density for energies below ε F is obtained from
The diagonal element of Eq. (4) is known as the (hole) spectral function identifying the probability density for the removal of a single-particle state with quantum numbers α j at energy E. The single-particle density distribution can be calculated from the hole spectral function in the following way,
The spectral strength for a given j combination can be found by summing (integrating) the spectral function according to
The spectral strength S j (E) is the contribution at energy E to the occupation from all orbitals with j. It reveals that the strength for a shell can be fragmented, rather than concentrated at the independent-particle model (IPM) energy levels. Figure 1 shows the spectral strength for a representative set of neutron shells in 208 Pb that would be considered bound in the IPM. The peaks in Fig. 1 correspond to the binding energy of the appropriate IPM orbital. For example, the s 1 2 spectral function in Fig. 1 has four peaks, three below ε F corresponding to the 0s 1 2 , 1s 1 2 , and 2s 1 2 quasihole states, and one above ε F corresponding to the 3s 1 2 quasiparticle state. Comparing the neutron spectral functions in Fig. 1 with the proton spectral functions in Fig. 2 reveals that the proton peaks are broader than those of the neutrons. The broadening of these peaks is a consequence of the protons being more correlated than the neutrons as determined by the fit to all relevant experimental data.
The occupation of specific orbitals characterized by n with wave functions that are normalized can be obtained from Eq. (4) by folding in the corresponding wave functions [16] ,
Note that this representation of the spectral strength involves off-diagonal elements of the propagator. The wavefunctions used in Eq. (6) are the solutions of the Dyson equation that correspond to discrete bound states with one proton removed. Such quasihole wave functions can be obtained from the nonlocal Schrödinger-like equation disregarding the imaginary part
where α| T |γ is the kinetic-energy matrix element, including the centrifugal term. These wave functions correspond to overlap functions
Such discrete solutions to Eq. (8) exist near the Fermi energy where there is no imaginary part of the self-energy. The normalization for these wave functions is the spectroscopic factor, which is given by [14] Z n j = 1 −
where α qh corresponds to the quasihole state that solves Eq. (7) . This corresponds to the spectral strength at the quasihole energy ε − n , represented by a delta function. The quasihole peaks in Fig. 2 get narrower as the levels approach ε F , which is a consequence of the imaginary part of the irreducible self-energy decreasing when approaching ε F . In fact, the last mostly occupied proton level in Fig. 2 (2s 1 2 ) has a spectral function that is essentially a delta function peaked at its energy level, where the imaginary part of the self-energy vanishes. For these orbitals, the strength of the spectral function at the peak corresponds to the spectroscopic factor in Eq. (9). This factor can be probed using the exclusive (e, e p) reaction as discussed in Ref. [17] . Note that because of the presence of imaginary parts of the self-energy at other energies, there is also strength located there, thus the spectroscopic factor will be less than 1 and also less than the occupation probability.
Indeed as shown in Ref. [16] , an equivalent spectral density S p j (α, β; E) for energies above ε F can be obtained which allows for the calculation of the presence of orbits that describe localized (and therefore normalized) singleparticle states according to
Neutron spectral functions for a representative set of orbitals at positive energies are shown in Fig. 3 . The curve with the least strength at positive energies in Fig. 3 corresponds to the most deeply bound orbital in 208 Pb. With increasing principal quantum number n, the orbital becomes less bound and the particle spectral function gains more strength at positive energies. This behavior is caused by the dispersion relation, Eq. (12), which pushes more strength to positive energies as the peak of the spectral function gets closer to 0 MeV. We note that the distribution at positive energies is constrained by elastic-scattering data, making the conclusion of the relevance of correlations beyond the IPM inevitable [16] . The spectral strength distribution below ε F is constrained by the charge density and particle number which also receive contributions from other j quantum numbers [14] . It is appropriate to introduce the Fermi energies for removal and addition given by referring to the ground states in the A ± 1 systems, respectively. It is also convenient to employ the average Fermi energy
In practical work, we adhere to the average Fermi energy to separate the particle and hole domain and their corresponding imaginary parts of the self-energy. For specific questions related to valence holes, the imaginary part of the self-energy can be neglected and Eqs. (7) and (9) can be applied. The occupation probability of each orbital is calculated by integrating all contributions from the spectral strength up to the Fermi energy 
FIG. 3. Neutron particle spectral functions for a representative set of IPM orbitals in 208 Pb that are mostly occupied but exhibit strength at positive energy which is constrained by elastic-nucleon-scattering data [16] .
whereas the depletion of the orbit is obtained from
Since the DOM has so far been limited to 200 MeV positive energy, a few percent of the sum rule n n j + d n j = 1, that reflects the anticommutator relation of the corresponding fermion addition and removal operators, has been found above this energy [16] . The particle number of the nucleus is found by summing over each j combination while integrating the spectral strength up to the Fermi energy,
where Z and N are the total number of protons and neutrons, respectively. In addition to particle number, the total binding energy can be calculated from the hole spectral function using the Migdal-Galitski sum rule [14] ,
B. Dispersive optical model
It was recognized long ago that the irreducible selfenergy represents the potential that describes elasticscattering observables [39] . The link with the potential at negative energy is then provided by the Green's function framework as was realized by Mahaux and Sartor who introduced the DOM as reviewed in Ref. [11] . The analytic structure of the nucleon self-energy allows one to apply the dispersion relation, which relates the real part of the self-energy at a given energy to a dispersion integral of its imaginary part over all energies. The energy-independent correlated Hartree-Fock (HF) contribution [14] is removed by employing a subtracted dispersion relation with the Fermi energy used as the subtraction point [11] . The subtracted form has the further advantage that the emphasis is placed on energies closer to the Fermi energy for which more experimental data are available. The real part of the self-energy at the Fermi energy is then still referred to as the HF term, but is sufficiently attractive to bind the relevant levels. In practice, the imaginary part is assumed to extend to the Fermi energy on both sides while being very small in its vicinity. The subtracted form of the dispersion relation employed in this work is given by
where P is the principal value. The static term is denoted by Σ HF from here on. Equation (12) constrains the real part of the self-energy through empirical information of the HF term and empirical knowledge of the imaginary part, which is closely tied to experimental data. Initially, standard functional forms for these terms were introduced by Mahaux and Sartor who also cast the DOM potential in a local form by a standard transformation which turns a nonlocal static HF potential into an energy-dependent local potential [40] . Such an analysis was extended in Refs. [41, 42] to a sequence of Ca isotopes and in Ref. [43] to semi-closed-shell nuclei heavier than Ca. The transformation to the exclusive use of local potentials precludes a proper calculation of nucleon particle number and expectation values of the one-body operators, like the charge density in the ground state. This obstacle was eliminated in Ref. [44] , but it was shown that the introduction of nonlocality in the imaginary part was still necessary in order to accurately account for particle number and the charge density [15] . Theoretical work provided further support for this introduction of a nonlocal representation of the imaginary part of the self-energy [45, 46] . A recent review has been published in Ref. [12] . We implement a nonlocal representation of the self-energy following Ref. [15] where Σ HF (r, r ) and Im Σ(r, r ; E) are parametrized, using Eq. (12) to generate the energy dependence of the real part. The HF term consists of a volume term, spin-orbit term, and a wine-bottle-shaped term [47] to simulate a surface contribution. The imaginary self-energy consists of volume, surface, and spin-orbit terms. Details can be found in App. A. Nonlocality is represented using the Gaussian form H(s, β) = π −3/2 β −3 e −s 2 /β 2 , where s = r − r , as proposed in Ref. [40] . As mentioned previously, it was customary in the past to replace nonlocal potentials by local, energy-dependent potentials [11, 14, 40, 48] . The introduction of an energy dependence alters the dispersive correction from Eq. (12) and distorts the normalization, leading to incorrect spectral functions and related quantities [44] . Thus, a nonlocal implementation permits the self-energy to accurately reproduce important observables such as the charge density and particle number.
In order to use the DOM self-energy for predictions, the parameters are fit through a weighted χ 2 minimization of available elastic differential cross section data ( dσ dΩ ), analyzing power data (A θ ), reaction cross sections (σ r ), total cross sections (σ t ), charge density (ρ ch ), energy levels (ε n j ), particle number, separation energies, and the root-mean-square charge radius (r rms ). The potential is transformed from coordinate-space to a Lagrange basis using Legendre and Laguerre polynomials for scattering and bound states, respectively. The bound states are found by diagonalizing the Hamiltonian in Eq. (7), the propagator is found by inverting the Dyson equation, Eq. (3), while all scattering calculations are done in the framework of R-matrix theory [38] . Implementations of the nonlocal DOM in 40 Ca and 48 Ca have previously been published in Refs. [15, 17, 23] .
III. DOM FIT OF 208 PB
The functional form of the 208 Pb self-energy is equivalent to that of 48 Ca used in Ref. [23] . Starting from the parameters for 48 Ca, the χ 2 was minimized for a similar set of experimental data for 208 Pb (see App. A for specific values of parameters). In the analysis presented here, minimization was performed using an implementation of the Powell method [49] . Due to computational challenges of parameter fitting with this method and to cross-validate our approach, we also conducted a parallel DOM analysis of 208 Pb using Markov Chain Monte Carlo (MCMC) to optimize the potential parameters, using the same experimental data and a very similar functional form for the self-energy. The preliminary spectroscopic factor, neutron skin, and spectral function results of this parallel analysis are in excellent agreement (e.g., all within one standard deviation) with those detailed in the following sections and will be the subject of a subsequent publication by our group.
Proton reaction cross sections together with the DOM result are displayed in Fig. 4 . The neutron total cross sections are shown in Fig. 5 . Both aggregate cross sections play an important role in determining volume integrals of the imaginary part of the self-energy, thereby providing strong constraints on the depletion of IPM orbits. The elastic differential cross sections at energies up to 200 MeV for protons and neutrons are shown in Fig. 6 . The analyzing powers for neutrons and protons are shown in Fig. 7 . The charge density of 208 Pb is shown in Fig. 8 . The experimental band is extrapolated from elastic electron scattering differential cross sections [2] . This data is well reproduced after using the DOM charge density from Fig. 8 as the ingredient in a relativistic elastic electron scattering code [51] . The corresponding elastic electron scattering cross section is shown in Fig. 9 and compared to experiment with all available data transformed to an electron energy of 502 MeV [1] .
In Figs. 10 and 11, single-particle levels calculated using Eq. (7) are compared to the experimental values for protons and neutrons, respectively. The middle column consists of levels calculated using the full DOM and the right column contains the experimental levels. The first column of the figures represents a calculation using only the static part of the self-energy, corresponding to the Hartree-Fock (mean-field) contribution. It is clear from these level diagrams that the mean-field overestimates 
FIG. 6. Calculated and experimental proton and neutron elastic-scattering angular distributions of the differential cross section dσ dΩ for 208 Pb. The data at each energy is offset by factors of ten to help visualize all of the data at once. References to the data are given in Ref. [43] . 0.82 0i 13/2 0.80 the particle-hole gap (see also Ref. [52] ). The inclusion of the dynamic part of the self-energy is necessary to reduce this gap and properly describe the energy levels. Furthermore, the effect of including the dynamic part of the self-energy on the proton levels is stronger than the effect on the neutron levels. This is another manifestation of the fact that the proton properties deviate more from the IPM than the neutrons in 208 Pb.
For levels close to ε F , the spectroscopic factor can be calculated using Eq. (9). These spectroscopic factors are listed in Table I . Indeed, the fact that the spectroscopic factors for protons are smaller than those of the neutrons is consistent with the protons being more corre- lated than the neutrons. The present values of the valence spectroscopic factors are consistent with the observations of Ref. [6] and the interpretation of Ref. [7] . It is important to note that these spectroscopic factors are indirectly determined by the fit to all the available data similar to the case reported in Ref. [17] for 48 Ca. The extraction of spectroscopic factors using the (e, e p) reac- tion has yielded a value around 0.65 for the valence 2s 1/2 orbit [53] based on the results of Ref. [3, 4] . While the use of nonlocal optical potentials may slightly increase this value as shown in Ref. [17] , it may be concluded that the value of 0.69 obtained from the present analysis is completely consistent with this result. Nikhef data obtained in a large missing energy and momentum domain [54] can therefore now be consistently analyzed employing the complete DOM spectral functions.
The number of neutrons and protons in the DOM fit of 208 Pb, calculated using Eq. (10) using shells up to ≤ 20, is shown in Table III . As there are 82 protons and 126 neutrons in 208 Pb, the reported values are accurate to within a fraction of a percent. The binding energy of 208 Pb was fit to the experimental value using Eq. (11) . As there is no way at present to assess the value of three-body interactions to the ground-state en- ergy, we employ the present approximation which applies when only two-body interactions occur in the Hamiltonian, to ensure that enough spectral strength occurs at negative energy which has implications for the presence of high-momentum components. The comparison to the experimental value is also shown in Table III . Consider the momentum distribution, n(k), which is the double Fourier-transform of the single-particle density matrix,
The calculated DOM momentum distribution of 208 Pb is shown in Fig. 12 . The high-momentum tail of the momentum distribution arises from short-range correlations (SRC), which is another manifestation of manybody correlations beyond the IPM description of the nucleus [8] . This high-momentum content can be quantified by integrating the momentum distribution above the Fermi momentum. Using k F = 270 MeV/c, 13.4% of protons and 10.7% of neutrons have momenta greater than k F . If instead a cut-off is used of 330 MeV/c, the proton content is 8.4%, whereas only 4.5% neutrons are obtained. These numbers are in qualitative agreement with what is observed in the high-momentum knockout experiments done by the CLAS collaboration at Jefferson Lab [55] . Furthermore, the fraction of high-momentum protons is larger than the fraction of high-momentum neutrons. These observations were predicted by ab initio calculations of asymmetric nuclear matter reported in Refs. [56] [57] [58] which demonstrated unambiguously that the inclusion of the nucleon-nucleon tensor force when it is constrained by nucleon-nucleon scattering data, is responsible for making protons more correlated with increasing nucleon asymmetry at normal density. These results should come as no surprise, since Figs. 1, 2, 10, 11, and Table I all reveal that the protons are more correlated than the neutrons in 208 Pb. This supports the npdominance picture in which the dominant contribution to SRC pairs comes from np SRC pairs which arise from the tensor force in the nucleon-nucleon interaction [9, 59] . Due to the neutron excess in 208 Pb, there are more neutrons available to make np SRC pairs which leads to an increase in the fraction of high-momentum protons.
In the DOM, this high-momentum content is determined by how much strength exists in the hole spectral function at large, negative energies. The hole spectral function is constrained in the fit by the particle number, binding energy, and charge density. While the particle number and charge density can only constrain the total strength of the hole spectral function, the binding energy constrains how the strength of the spectral function is distributed in energy. This arises from the energyweighted integral in Eq. (11), which will push some of the strength of the spectral function to more-negative energies in order to acheive more binding. This, in turn, alters the momentum distribution, thus constraining the high-momentum content.
The reproduction of all available experimental data indicates that a suitable self-energy of 208 Pb has been found. With this self-energy we can therefore make predictions of other observables, such as the neutron skin. 
IV. NEUTRON SKIN
The neutron and proton point distributions in 208 Pb, weighted by r 4 and normalized by particle number, are shown in Fig. 13 . It is clear that the neutrons are more extended than the protons, giving rise to a positive neutron skin of ∆r np = 0.250±0.05 fm. The associated error is obtained in the same manner as in Ref. [23] for 48 Ca (in the ongoing MCMC-enabled analysis mentioned in Sec. III, we recover a compatible, somewhat smaller neutron skin of 0.195, with a similar uncertainty but employing a more restricted set of parameters). It is no surprise that the value of the skin falls within the range of allowed values from the PREX experiment, but it will be interesting to compare this prediction to the updated experimental value from PREX2 in the near future as well as new results from the Mainz facility [61] . This is also within the range of skin values (0.12 -0.28 fm) of the 48 nuclear energy density functionals used in Ref. [37] . Currently, ab initio calculations cannot be applied to heavy systems such as 208 Pb, so these mean-field results are the only other theoretical predictions of the neutron skin in 208 Pb.
The DOM predictions of the neutron skin of 40 Ca, 48 Ca, and 208 Pb are shown in Table. IV, where it is evident that the neutron skins of 48 Ca and 208 Pb are very similar. Since 208 Pb and 48 Ca have similar asymmetry parameters, indicated by α asy = (A − Z)/A in Table IV , it may seem reasonable that they have similar neutron skins. However, consider Fig. 13 , which is a comparison of the neutron and proton distributions in 48 Ca and 208 Pb. Even normalized by particle number, the particle distributions in 208 Pb and 48 Ca are quite distinct due to the size difference of the nuclei. In light of this, the neutron skin of 208 Pb is biased to be larger by the increase in the rms radii of the proton and neutron distributions. Thus, a more interesting comparison can be made by normalizing ∆r np by r p ,
where ∆r np is the normalized neutron skin thickness. This normalization serves to remove size dependence when comparing neutron skins of different nuclei. The result of this normalization is shown in Table IV . The difference between the normalized skins of 208 Pb and 48 Ca in Table IV reveals that the rms radius of the neutron distribution does not simply scale by the size of the nucleus for nuclei with similar asymmetries. While it is true that the nuclear charge radius scales roughly by A 1/3 (and by extension so does r p ), the same cannot be said about r n .
If one is to scale by the size of the nucleus, then the extension of the proton distribution due to Coulomb repulsion (which scales with the number of protons) should also be considered. Since 208 Pb has four times as many protons as 48 Ca, the effect of Coulomb repulsion on the neutron skin of 208 Pb could be up to four times more than its effect on the 48 Ca neutron skin, which can reasonably 0.089 ± 0.0067 0.070 ± 0.0092 be taken from the predicted skin of −0.06 fm in 40 Ca. In order to further investigate the effects of the Coulomb force on the neutron skin, we removed the Coulomb potential from the DOM self-energy. In doing this, the quasihole energy levels become much more bound, which increases the number of protons. To account for this, we shifted ε F such that it remains between the particle-hole gap of the protons in 208 Pb, corresponding to a shift of 19 MeV. Removing the effects of the Coulomb potential leads to an increased neutron skin of 0.38 fm. The results of the normalized neutron skins with Coulomb removed are listed in Table IV for each nucleus, where it is clear that the Coulomb potential has a strong effect on the neutron skin. This points to the fact that the formation of a neutron skin cannot be explained by the asymmetry alone. Whereas the asymmetry in 48 Ca is primarily caused by the additional neutrons in the f 7 2 shell, there are several different additional shell fillings between the neutrons and protons in 208 Pb. It is evident that these shell effects make it more difficult to predict the formation of the neutron skin based on macroscopic properties alone.
In Fig. 14 gular distributions, absorption and total cross sections, single-particle energies, the charge density, total binding energy, and particle number. With our well-constrained self-energy we derive a non-negliglible high-momentum content, which is consistent with the experimental observations at JLAB [8, 9, 55] . Spectroscopic factors are automatically generated and appear consistent with the most up to date analysis of the (e, e p) reaction for the last valence proton orbit [53] . Furthermore, these spectroscopic factors explain the reduction of the form factors of high spin states obtained in inelastic electron scattering [6] lending support to the interpretation of Ref. [7] . We also predict a neutron skin of 0.250 ± 0.05 fm. A systematic study of more nuclei with similar asymmetry, α asy , to 208 Pb and 48 Ca would help in determining the details of the formation of the neutron skin. This will lead to a better understanding of the symmetry energy of the equation of state (EOS) of nuclear matter, which is vital to proceed in the current multi-messenger era onset by the first direct detection of a neutron star merger [66] . The local spin-orbit interaction is given by
where ( /m π c) 2 =2.0 fm 2 as in Ref. [43] .
The fully-nonlocal imaginary part of the DOM self- , a sur ±(p,n) ) + ImΣ so (r, r ; E).
Note that the parameters relating to the shape of the imaginary spin-orbit term are the same as those used for the real spin-orbit term. At energies well removed from ε F , the form of the imaginary volume potential should not be symmetric about ε F as indicated by the ± notation in the subscripts and superscripts [46] . While more symmetric about ε F , we have allowed a similar option for the surface absorption that is also supported by theoretical work reported in Ref. [45] . Allowing for the aforementioned asymmetry around ε F the following form was assumed for the depth of the volume potential [43] W vol
where ∆W ± N M (E) in Eq. (A5) is the energy-asymmetric correction modeled after nuclear-matter calculations. The asymmetry above and below ε F is essential to ac-commodate the Jefferson Lab (e, e p) data at large missing energy. The energy-asymmetric correction was taken as
where E in Eq. (A6) corresponds to the center-of-mass energy.
To describe the energy dependence of surface absorption we employed the form of Ref. [42] , but include two components, one with symmetric parameters, the other with asymmetric parameters.
W sur ±(p,n)) (E) = ω 4 (E, A sur ±(p,n) , B sur1 ±(p,n) , 0)− ω 2 (E, A sur ±(p,n) , B sur2 ±(p,n) , C sur ±(p,n) ), (A8)
where the ω functions in Eqs. where the radial parameters for the imaginary component are the same as those used for the real part of the spin-orbit potential. It is important to note that ImΣ so grows with increasing , and for large this can lead to an inversion of the sign of the self-energy, which results in negative occupation. While the form of Eq. (A3) suppresses this behavior, it is still not a proper solution. One must be careful that the magnitude of W so (E) does not exceed that of the volume and surface components. As the imaginary spin-orbit component is generally needed only at high energies, the form of Ref. [43] is employed,
With Eq. (A9), all ingredients of the self energy have now been identified and their functional form described. In addition to the Hartree-Fock contribution and the absorptive potentials we also include the dispersive real part from all imaginary contributions according to Eq. (12).
PARAMETERS
The parameters used for the symmetric part of the selfenergy are presented in Table V . All asymmetric parameters are presented in Table VI . There are 30 Lagrange-Legendre and Lagrange-Laguerre grid points used in the 208 Pb calculations [38, 67] . For 208 Pb, the scaling parameter for the Lagrange-Laguerre mesh points is a L = 0.15. The matching radius used for scattering calculations is a = 12 fm. 
